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DIPOLE APERTURE AND SUPERCONDUCTORREQUIREMENTS*

S. L. Uipf
Los Alamos National Laboratory, MS H829, Los AlamOs. ~ B7545

The cfi<tof an accelerator IS not proportional to
the aperture. A change in aperture by a certain per-
CWIt~ge reSUltS in an overall accelerator cost change
by oniy a fraction of that ,erc~ntage; the fraction
may be between 0.1 and 0.5 and IS almost independent
of the bending field. This estimate is obtained by
analyzing the superconductor requirements as a func-
tion of aperture and by making rough estimates uf the
largest cost items of the accelerator such as magnets
and ring tunnel.

Introduction

The aperture of a Superconducting Super Collider
(SSC) should be small to keep the accelerator cost
dcwn, but large enough to accommodate the beam without
undue inconvenience. The ma{n component of the ln-
Crease in cost with aperture is the cost of supercon-
ductor. We can reasonably predict the amount of su-
perconductor needed as a function of aperture. From
this information we can make a rough estimate (guess
is perhaps the better word) as to the effect of an ap-
●rture change on overall accelerator cost.

Amount of Superconduct,wNe@ded for Bending Magnets

Althou@ it is not possible to develop rtliahlt
cost estimates for the mag!letswithout specifying a
concrctc design, we can gauge thd relativ~ cost
changes with apwture by Considering the amount of su-
perconductor r~quirad. lh~ superconductor is a sig-
nificant cmoncht of tho bonding dfpolos; It ❑y ac-
count for as ❑uch as ono-fuurth to ono=third of tha
cost of the complete magntt system and may well bc the
largest sing!e cost item for an SSC, Other components
of tht magnets are iron; cryostat; and fabrication,
including quality control.

Singlt-LayerAppronimntion

Considar t typ!cal dtpol~ cross section at shown
in Fig, 1. A wtndinq space of thicl,ne$sd, bttwm
rtdius r~ nnd ro, with a currant dtnsity j ● j. COS w
produc~s a field’

FtO. 1. 6eWtry of dipole ttnglc-14yar approximation.

~rh supported hy 0S? US Department cf inwgy.
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The current density is related to the critical
current density in the superconductorat the field Bo:

where the factor ). accounts f~r the space in the
winding that is not filled with superconductor, but
with things such as Insulation, necessary force-
containing structure, and (mainly) the coPDer (or alu-
minum) used for stabilizing purposes. The range
0.2 c 1,c ().4 is dva~lab!e in moderfi desig~s. The
thickness of the winding neces;ary to produce B. hith a
given superconductor is

(2)

where F ‘ j x B Is the flux pinning strenytn, an
importan! Cr!tical property of the Superconductor;
Fp usu~lly has z fla~ maximum near half the criti-
cal field.

The volume of win.~ingper unit dipole length is

‘w” *(ri +$d ‘
(3)

but the volunw of thl!superconductingmaterial Itself
Is small$rby A and a factor 2/n because of thewir~
dmts{ty nccossary to produc@ thecoso dittr’bution in
current density; thus, we find that

82 02
v

Sc ()“4(r,+~)d~m[--& ri +-& . (4)

Th@ superconductor volume consists therefore of
two t~rms: the first is duc to th~ aperture ri, and the
second is due to tht :urrent dansity (or flu”xpinning
strenath) detarminira the thlckn~ss of tha windina.

s Sc
t hc

v
Sc

fo obtain the ~tal superconductor volume f& the
WQmultiply “s, times 2110,where n ● (E/c)/Ba i%
binding radius for the beam ~nergy t. Thus,

‘[ )B.

total )
.4.107 “&+z * (5)

E tn QV, B ir tesla and other units also tn theWitl
mks system.

To illustrate thtl relationship, w@ may ChoOSe
scm r~prtstntativ[ superconductors:

A: NbTf at 4,? 1, B~51,jcmZ~109A/mf;

B: Nbli atl.gl, Fln8T, jc ■ 2,3 I 109 A/m~;

c: Nb~Sn at 4.2 l., B- 10T, jc ■ 1.25K 109A/m2;

and plot V5c(totall for [ ■ 20 TCV wer~us r~ In fig, 2.
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Plot of the total volume of superconductor
versus aoerture for the bending magnets of a
20-TeV ,-celerator. Examples are for 5-, 8-,
and IO-T single-layer windings and for a 10-1
two-layer winding, each layer producing a 5-T
increment (see below), all with J = 1/3.

general features are obvious: zero aperture
is not g+atis, and the superconductor volume is not
just proportional to the aperture. Thus, we se? from
the figure that a change from a comfortable ri ■ 3 Cm
to an uncomfortable ri ■ 1.5 cm may save rather ~Qss
than 30% in superconductor volume.

The other components that contribute to the mtQ-
nat cost have the same feature: a significant cost ~s
incurred even for ri ■ O and then the additional cost
is approximately proportional to ri. This iS notably
so for the Iron shield (whose cost may be between }0
and 50% of the superconductor co!t, depend(ng on field
and construction), and also for the cryostat (having a
high fixed cost and a very small increase with ri).
For superferric magnets, the iron cost dominates.

Influence of Current Oensitl

From Eq, (4) or (5), wc sce that the relative im.
portance of aperture depends on current dens,ty, A
high current density reduces the overall superconductor
requirement by reducing the winding thtckness term in.
side the bracket and the multiplier In front of it; in

Fi9, 2, the intercept for rt c O decreatts lihe jjz;
the slope of the curves decretses like j~’, [n a good

ma9ne? desi9n, the wildln~ thickness is kept as low @$
pu>$~ole, houevcr, the limitt are set by th? ht9hest
flux pinntn9 ttren9th in avotlable superconductors.

“Ihe dependence of Vlc on current denstty it best
illuttr~ted with the help of Fi~, 3, where F ver us B.
is given. The loci of rolls containing V,c f lo-!m3/m
#nd tlio thote with 10 and 100 ttmes larger Vsc are
plotted, The %olid ltne tt for 1 ● 0,?, the da$hed
lint for A E 0,4, both for ri ● 0, The three thin,
deshed ;{nes ar? for A _ 0,? and ri ● 1, 2.5, tnd 5 Lm.
The windtn9 thickness d corresponding to the ~tven Vtc
~s entered for Qach curve. In tddltion, ue a so enter
the tvatloble rtn9@s of Fp versus B for v~rlous
superconductor.1

From thlt plot, we can estimate the prscttcab~lt-
ty of reaching high fields In superconductingdtpolost

“ . ,C! .?

i,

B(T)

Fig. 3. Required flux pinling strength Fp for
dipole windings of field B with a give~,
superconductor Volum Vsc per lel~gtn of
dipole. Sev~;~l apertures fOr A ~ 0,2 are
indicated; . ) ■ 0.4, only ri ■ O is
given for comparison. The shsded rcgiols
give Fp (averaged over the noncopper Cross
section) of #vailable multifilament conductor
tind Fp of a tape conductor for com~arison.
The points are the three examples of Fig. 2.

The coil costs and the destgn complications increase
with Vs and wi h d; In ftct, one would like not to
txceed$sc~lO-~by morethan & factor 20r3. The
Iwortlnce of high current density (~,lgh Fp) is
c,!dent,

The band$ on F verSUa f!

J’
in Fig. 3 of multifila-

ment conductors in Icate tvtilable matQrial; it may be
thet in the future the upper limit can ba rtised s~me-
uhat,~ but is unlike:y to raach t+c performance
lQVQIS obtainable with tape,

‘f
Is avera9ed over

th~ ?(u opper (thit is, ronstabi Izer) cross section
of thr w!re, and the multifilomentcry process for A-15
material ~lways ltaves a subttcntitl tmuunt of Inert
material in the form of hroaze and diffusion barriers
behil,d;for tape th?sp components are not necessary.
Thr cu~rcn[.d&nsiti@s and fie]d$ chotc,lfor the exam-
PICI in Fi9. 2 reflect present state of the art.

Sup@rconduc.:orCost

The cost of the superconductor is

where pi is the price per volume of superconductor
including fabrication and stdblliz!ng copper, ttc. At
pretent, the approximate (lar9@ quant!ty) values Of ps
are f r Nhll:

!
Y M$/m~; for Nb SII multlftlment:

5 M$/m; (VJGP mlqhl cost 10.15Ml/m3).
It tt Wen frum tho forwla that tho cost Ii ha-

proved by reductng the ratio P5/Fp, Thit means that M
l~rov~nt fn Fpby wthods thht also tncroasc PB 1S



not of great help; this 1: why NbTiTa need not be con.
sldered. The values of ps/Fp are for NbTi at 4.2 K,

5 T: 3x ?0-4 $/N;
-4

at 1.9K, 10T: 2 X 10 $/N; for

Nb3sn multifilament: 5 x 10-4 $/N. The cost unit ~\N

indicates that the job of the magnet windings is to
restrain the Maxwell tensor of the produced field.

Manufacturers often give the conductor price P in
JlkAmat a given fieldB. fMultiplying pc by jc (cr ti-
cal current density in the noncopper cross section
the conductor, 3’in kA/m2) one obtains ps in $/m ;
dividing by B [T] gives Ds/Fp in $/kN.

The winding thickness should not be too large.
Uith ri = 2.5 cm, the three e~amples chosen for Fig. 2,
have ticcording to Eq. (4), the following A:“s~3 ,
4.93 x 10-4 mz; B: 7.4 x 10-4 m2; C: 2.25 x 10 m“”.

The .sctual winding cross section is larger by a factor
4.7 (=_/’J); that is, the ratio of winding cross sec-
tion to aperture becomes 2.4 x 10~ V$c and is for A:
1.2; for B: 1.8; for C: 5.4.

Nhen the winding is too thick, the single-layer
approximation becomes inadequate. The superconductor
being chosen for the highest field is overdimensioned.
There is ~uLstantial savings irI splitting the winding
into high- and low-field sections,

Dipoles with Several Ldyers

The windtng space is subdivided into n layers.
Counting the layers, starting fro~ the outermost, layer
.1 is between r. and rl,

and ‘ayer ‘k ‘s between ‘!;!and rk with rn ■ ri, Each layer creates a field
crenmnt ABk. The maximum field (that is, B. in the
aperture) is the sum of all the increments. The th~ck-
ness of layer k (S

ABk * Bk

‘k-1 - ‘k ‘z~~) ‘
(7)

where ‘I)k is characteristic for the superconductor
In layer k. (In this example the field distribution
is simplified and taken as independent of angle W,
In reality the field is larger toward the Poles and
smaller at the equator. ) Taking the simple case where
all increments FBk are ~~ual and Fpk the same in all
Iaytrs, we get

B
Bk ● k?,B , and AB.$ ; therefore,

(8)

In th~ limit of lorqe n, th? thicknesl !* only onr-half
of the \ln91t.lay@r thickn~$s from [q, (?), In prac.
tic?, onc may roach a rtduction of 0,6 or 0.7, an’
n ● ~ or even n ● 7 is sufflcientm The csampl~ of a
two-ltytr coil illuttrat@t this.

Two-Layer Windinq

The thickness of the outer and inner layers are

B;
d,=ro-r, =2,,

m’o~l ‘pl 1

and

>B.B
d?= r, - ri ~ 2

0
A F ,

‘o 2 P2(Jo~

(9)

For the respective superconductor volumes, we hai~
[see Eq. ~4J!:

v =4 (r, +d
Scl z +j-d,)dlj ,

and

v
SC2

~ U(ri +~d2)d2~, .

Taklnq NbTi for the outer and Nb3Sn for the ir,rer
layer with the following values:

F . ]010 N,m3; FP2 .,,25 x 1010 Nm3;
pl

‘1 ■ ‘? ~0 ,333; B, ■ 5T;

BO,lOT; LB. BO. B,,5T;

we obtain the volumes as entered in Fig, 2. For
rl ■ 2.5 cm the Nb3Sn layer has a thickness of
d? = 1.9 cm, the NbTi layer of dl ● 1.2 cm, and tne
outer radius is r. ■ 5.6 cm. The ratio of winding
thickness to aperture Is now down to 4 (from 5,4) for
the single-layer, all-tibs~n winding, that is, a 25%
savings in superconductor kolume. However, the cost
SavingS is larger because approximately h~lf of the
winding is now replaced with the less expensive NbTi
conductor. The cost reduction is approximately 40%.

More on Costs

Having discussed the influrnce of the a~erture on
the total amount of superconductor needed for the
accelerator, we now ask: how large a fraction of the
tots? cost of the accelerator goes for superconductor?
]n answer to this question, the cost of bending mag-
nets and of th~ ring tunnel has to be considered;
both, individually, are dependent strongly on field
Strength but their sum is much less SO,

!k9!?o
Any accurate estlmatc of total magnet cost neuls

more deta~led design information than is now ava!lable.
Th@ two discussions of this sub;lct by Hass@nzahl
differ so widely from each other that thpy can only be
taken as ? very pessimistic (1981)’ and very opttmis-
t,lc (1907) prediction. My own gue!s is that the Cost
per T,m for 2 T c B. c 10 T dipoles will be roughly
proportional to B and, for ri ■ ?,5cm, will be aP-
~ruximat?ly 0,6 k$/$.m at ? T and 2.5 k\~T,m at 10 T,
(For a 20-TeV (Iccelt?ldtOr, 4.2 K l(J!IT,m are needed.)
Altprnate]y, the magnet cost can be taken as 3-4 tfmes
the cost of superconductor, using the volurnp of super-
conductor from Fig. ?, E@tween the two r@cipe$, we



alrive at the following brackets for the total bending
magnet costs: at 10 T: 1.O-1,9G$; at BT: 0.3-0.8 G$;
at 5 T: 0.35-0.5 G$; at 2 T: 0.25 G~,

Tunnel

The other major cost {tern of the accelerator is
the tunnel. It is inversely proportional to 0.
Assuming a tunnel length of 1.3 x 2rcI = 8.2 (E/c)/B,
and a price bracket of 2-8 M$/km (the uPper limlt
being probably closer to a realistic cost), we arrive
at costs of tunnel + bending magnets in the following
brackets: for lCI T: 1.1-?,3 G!; for 8 T: 0.45-1.35
G$; for 5 T: 0.6-1.4 G$; for 2 T: 0.8-2.fl G$.

AJ@ure Relative to Total Accelerator Ccst

It should be understood that the cost brackets
given here are p:rposely quite wide. No attempt is
made to include any refinements or complications, such
as the more esoteric technology of 6-T, 1,9-K magnets
with their smaller stabll!ty margin and increased
cryogenic requirements, or the higher breakdown reli-
ability requirements necessary for the lower field
magnetS to avoid excessive down-time of the acceler-
ator. The given cost brackets are not sufficiently
narrow to favor any particular field; although, they
seem to indicate that the cost optimum will be found
in the middle rather than at the high or low erntremity
of the fielo range,

He may assume that the cost of tunnel + bending
magnets represents about three-fourths of the total
accelerator cost. Thus , Of 20% in ri
starting from ri ■ 2.5 (a~co;~l~~eto Fig, 2, and
with t~,e use of above cost brackets and assllmptions)
results in a total accelerator cost change almost
independent of the bendtng field, The change is 4-10%

for 10 T; 2.5-11% for 8 T; 3-10% for 5 T and 2-5% for
2 T (having, In this latter case, assumed a change
with aperture in magnet cost of 80 M$/cm).

Conclusion

In conclusion cne can say that In the range of
interest, a change in aperture diameter by a certain
percentage will change the total cost of the accel~r-
ator by between a tenth and half that percentage only,
The pressure to choose an uncomfortably Small aperture
is, therefore, not as strong as might have beet-i
assumed.
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